g Most Mycobacterium tuberculosis rifampin-resistant strains have been associated with mutations in an 81-bp rifampin resistance-determining region (RRDR) in the gene rpoB. However, if this region alone were targeted, rifampin-resistant strains with mutations outside the RRDR would not be detected. In this study, among 51 rifampin-resistant clinical isolates analyzed by sequencing 1,681-bp-long DNA fragments containing the RRDR, 47 isolates contained mutations within the RRDR, three isolates contained mutations both within and outside the RRDR, and only one isolate had a single missense mutation (Arg548His) located outside the RRDR. A drug susceptibility test of recombinant Mycobacterium smegmatis and M. tuberculosis isolates carrying mutated rpoB (Arg548His) showed an increased MIC for rifampin compared to that of the control strains. Modeling of the Arg548His mutant RpoB-DNA complex revealed that the His548 side chain formed a more stable hydrogen bond structure than did Arg548, reducing the flexibility of the rifampin-resistant cluster II region of RpoB, suggesting that the RpoB Arg548His mutant does not effectively interact with rifampin and results in bacterial resistance to the drug. This is the first report on the relationship between the mutation in codon 548 of RpoB and rifampin resistance in tuberculosis. The novel mutational profile of the rpoB gene described here will contribute to the comprehensive understanding of rifampin resistance patterns and to the development of a useful tool for simple and rapid drug susceptibility tests.
T uberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis. Globally, an estimated 3.6% of new TB cases and 20.2% of previously treated TB cases are considered multidrug-resistant TB (MDR-TB) (1) . In Taiwan in 2011, MDR-TB comprised 0.9% of new cases and 6.7% of previously treated cases of TB (2) . Rifampin is a first-line anti-TB drug that is often associated with treatment failure (3, 4) . The bactericidal mechanism of rifampin functions by binding to the ␤-subunit of RNA polymerase, the product of the rpoB gene (5), thus suppressing transcription in bacterial cells. More than 96% of rifampin-resistant strains have mutations within the 81-bp rifampin resistance-determining region (RRDR) of the rpoB gene (codons 507 to 533) (4) . Additionally, the frequency of codon mutations in rpoB of rifampinresistant M. tuberculosis isolates varies across different geographical regions. The most common mutations in the RRDR are found in codons 526 and 531 and account for 62.5% to ϳ81.1% of rifampin-resistant strains (6) (7) (8) . However, not all mutations within the RRDR lead to the same level of rifampin resistance. Amino acid alterations in codon 526 or 531 cause greater resistance in bacteria than do mutations in codon 511, 516, 518, or 522 (9) . Outside the RRDR, rare rifampin-resistant mutations have been reported in codons 176 (Val176Phe) (10) , 381 (Ala381Val) (11) , 490 (Gln490His) (12) , 500 (Ala500Val), 502 (Ile502Val), 505 (Phe505Ser), 538 (Leu538Phe) (13) , 146 (Val146Phe), and 572 (Ile572Phe) (4, 14) . Thus, reference laboratories using molecular methods to examine the 81-bp RRDR only may miss strains in which rifampin resistance is suspected but no mutation is found.
The molecular surveillance of rifampin-resistant M. tuberculosis isolates in western, northern, and southern Taiwan has been reported in the past decade (6, (15) (16) (17) . However, similar studies in eastern Taiwan, which accounts for two-thirds of the country and is characterized by rugged mountains, have not been carried out to a sufficient degree. The ethnic groups and lifestyles of the people in eastern Taiwan, who account for approximately 4.4% of the total population, are very different from those in other regions of the country. Here, we studied the prevalence of rpoB mutations associated with rifampin-resistant M. tuberculosis isolates in eastern Taiwan. We found one novel rpoB allele and constructed recombinant M. tuberculosis and Mycobacterium smegmatis strains carrying this mutated rpoB gene to demonstrate that it plays a role in bacterial resistance to rifampin.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The clinical M. tuberculosis isolates were collected from Tzu Chi Hospital in Hualien, located in eastern Taiwan, from 2011 to 2012. The isolation rate of M. tuberculosis is 7.67%. Among these isolates, 51 were resistant to rifampin. The other laboratory strains and plasmids used in this study are listed in Table 1 . M. smegmatis strain mc 2 155 and M. tuberculosis strain H37Rv were used as mycobacterial hosts to carry recombinant plasmids for drug susceptibility testing. M. smegmatis mc 2 155 and M. tuberculosis H37Rv and their transformants were cultured in Middlebrook 7H9 broth (Difco Laboratories, Detroit, MI, USA) supplemented with 10% Tween 80 or on 7H11 agar supplemented with oleic acid-albumin-dextrose-catalase (OADC) (Difco Laboratories, Detroit, MI, USA). Escherichia coli strain DH5␣ was used for DNA cloning and was incubated at 37°C in Luria-Bertani (LB) medium. Bacteria containing the pGEM-T Easy vector (Promega, WI, USA) were grown in LB medium supplemented with ampicillin (50 g/ml). The primers designed in this study are listed in Table 2 .
Specimen collection and processing. Sputum specimens were liquefied and decontaminated by the standard N-acetyl-L-cysteine-sodium hydroxide (NALC-NaOH) method. The sediment from each specimen was inoculated onto the culture medium and used for acid-fast staining. The bacterial isolates were identified by conventional methods that included routine microscopy, culture, and positive nitrate and niacin tests (18) .
Mycobacterial DNA extraction, PCR amplification, and DNA sequencing. The mycobacterial chromosomal DNA grown on Middlebrook 7H11 agar plates was extracted according to procedure described in the previous study (19) . In brief, an aliquot of the bacterial pellet was lysed in lysis buffer (KOH [pH 13.1]) at 95°C for 15 min before being neutralized by neutralization buffer (HCl and acetic acid [pH 1.2] ). An aliquot of crude extract suspension was used in the PCRs. The rpoB fragments were amplified by PCR in a Biometra Uno-Thermoblock (Biometra, Göttin-gen, Germany) using the primer pair rpoB-FP/rpoB-RP ( Table 2 ). The PCRs began with 5 min of denaturation at 95°C, followed by 30 cycles of denaturation at 95°C for 1 min, annealing at 57°C for 1 min, extension at 72°C for 2 min, and a final extension at 72°C for 2 min. Next, DNA sequencing of the PCR fragments was performed by Tri-I Biotech, Inc. (New Taipei City, Taiwan), using the rpoB-FP, rpoB-RP, rpoB-seq-F, or rpoB-seq-R primer. The rpoB-seq-F and rpoB-seq-R primers were designed for confirming the sequence of a 693-bp DNA region, including the RRDR. The sequences obtained from the 51 clinical isolates were compared with the known sequence of M. tuberculosis H37Rv rpoB (GenBank accession no. NC_000962.3).
Construction of a recombinant mycobacterial strain carrying exogenous rpoB. Wild-type and mutated rpoB DNA fragments were amplified by PCR using the primer pair rpoB-full-cF/rpoB-full-cR (Table 2) , and chromosomal DNA from M. tuberculosis H37Rv, a clinical M. tuberculosis isolate with the Ser531Leu mutation in rpoB, and a clinical M. tuberculosis isolate with the Arg548His mutation in rpoB (MTBR548H) was used as the template. The PCRs began with a 5-min denaturation at 95°C, followed by 30 cycles of denaturation at 95°C for 1 min, annealing at 58°C for 1 min, extension at 72°C for 2 min, and a final step at 72°C for 2 min. The PCR fragments were cloned into the pGEM-T Easy plasmid (Promega, WI, USA), followed by excision with EcoRI/HindIII and ligation into pMV261 (Table 1) (20) . The constructs were then confirmed by DNA sequencing. To prepare competent M. tuberculosis and M. smegmatis cells, the bacteria were incubated in 7H9 broth containing 0.2 M glycine at 37°C, with shaking at 220 rpm, until the optical density at 600 nm (OD 600 ) reached 0.8 to ϳ1.0. Subsequently, the bacterial cells were washed three times with ice-cold 10% (wt/vol) glycerol. Finally, the competent cells were suspended in ice-cold 10% (wt/vol) glycerol, and the recombinant plasmid pMV261::rpoB_WTc, pMV261::rpoB_S531Lc, or pMV261:: rpoB_R548Hc was transformed into competent M. tuberculosis H37Rv Drug susceptibility testing. Drug susceptibility testing for mycobacterial clinical isolates was determined by the standard agar proportion method, using 1 g/ml rifampin as a breakpoint (21) . The MIC was determined using the standard agar proportion method on 7H11 agar for recombinant M. tuberculosis and the broth microdilution method for recombinant M. smegmatis (22) . In brief, aliquots of recombinant M. smegmatis (5 ϫ 10 3 cells/ml) were inoculated into a 96-well microtiter plate containing 2-fold serial dilutions of rifampin (from 0.125 to 64 g/ml) in Mueller-Hinton broth with OADC. Next, the bacteria were incubated at 37°C and 200 rpm for 3 to 5 days. Aliquots of recombinant M. tuberculosis and a 1:100 dilution control were inoculated on 7H11 agar containing OADC and 2-fold serial dilutions of rifampin (from 0.125 to 64 g/ml). The MIC tests were performed three times. The MIC for each strain was defined as the lowest concentration of rifampin needed to inhibit bacterial growth.
Structural modeling. Structural models of M. tuberculosis RpoB bound to rifampin or DNA were developed using SWISS-MODEL, a fully automated protein structure homology-modeling server, using Protein Data Bank (PDB) accession code 1I6V (Thermus aquaticus RNA polymerase [RNAP] complexed with rifampin) or 4G7Z (Thermus thermophilus RNAP complexed with DNA) as a template. The M. tuberculosis RpoB Arg548His (using E. coli residue numbering) mutant was generated by Coot (23), using the RpoB-DNA modeling structure. All structural models were optimized by energy minimization using REFMAC5 (24) in the CCP4 program suite (25, 26) . Prior to generation of structural figures, all models were superimposed by the secondary-structure matching (SSM) algorithm of the PDBeFold server (27) . The structural figures were produced using PyMOL (DeLano Scientific [http://www.pymol.org]).
RESULTS
Genetic analysis of rpoB genes in rifampin-resistant M. tuberculosis isolated from eastern Taiwan. Fifty-one rifampin-resistant isolates were collected from eastern Taiwan. To determine whether the DNA sequence outside the RRDR of rpoB that codes for codons 507 to 533 of RpoB (using E. coli numbering) was associated with rifampin resistance in M. tuberculosis, a 1,681-bp DNA fragment containing the RRDR was amplified from each rifampin-resistant isolate by PCR and analyzed by DNA sequencing. After comparison with the rpoB sequence of M. tuberculosis H37Rv, the most commonly mutated sites in RpoB were found to be codons 531 (74.5%) and 526 (21.6%), which are both located in the RRDR (Table 3) . Of the 51 rifampin-resistant isolates, 50 were mutated within the RRDR, while only one clinical isolate, named MTBR548H, had a single mutation outside this region. Although three isolates had a mutation at codons 500, 552 and 576, respectively, outside the RRDR, they had a second or third mutation in the RRDR (Table 3 ). Most rifampin-resistant isolates (72.5%) had one mutated codon in RpoB; however, 23.5% and 3.9% of the rifampin-resistant isolates had two and three mutated RpoB codons, respectively ( Table 4) .
Mutation of codon 548 in RpoB results in resistance to rifampin in recombinant M. tuberculosis and M. smegmatis. In the rifampin-resistant isolates, one novel rpoB allele that contained a single mutation at codon 548, outside the 81-bp RRDR, was identified in the clinical mutant MTBR548H (Table 3) . To determine whether the mutation of codon 548 (Arg548His) in RpoB was involved in bacterial resistance to rifampin, we constructed recombinant M. tuberculosis H37Rv and M. smegmatis mc 2 155 strains that carried mutated or wild-type rpoB (Table 1) . A bacterium carrying rpoB with the mutated codon Ser531Leu was constructed as a positive control, due to an association between this common missense mutation of RpoB and high levels of mycobacterial rifampin resistance (Table 1) . Next, the susceptibilities of the recombinant strains to rifampin were tested. The rifampin MIC for the recombinant M. smegmatis strain containing the wild-type M. tuberculosis rpoB gene (named CH004) was 2 g/ml. Meanwhile, the recombinant M. smegmatis strains containing RpoB mutated at codon 531 and 548 (named CH006 and CH005, respectively) showed MICs of 16 g/ml and 4 g/ml, respectively, which were elevated 8-fold and 2-fold compared with those of the strains containing either the vector control or wild-type rpoB (Table 5). Additionally, an M. tuberculosis H37Rv strain harboring RpoB (Arg548His), named YY002, had an MIC of 2 to ϳ4 g/ml, which was elevated Ͼ16-fold compared with that of an M. tuberculosis strain harboring the wild-type rpoB (named YY003) ( Table  6 ). The M. tuberculosis H37Rv strain harboring RpoB with mutated codon 531 (named YY004) was used as a positive control, which showed rifampin resistance (Table 6 ). Thus, our results indicated that a missense mutation in RpoB at codon 548 (Arg548His), which is located outside the RRDR, slightly increased the resistance of mycobacteria to rifampin. Structural models of M. tuberculosis RpoB bound to rifampin or promoter DNA. To address the structural effect of the Arg548His RpoB mutation on M. tuberculosis rifampin resistance, structural models of RpoB bound to rifampin or DNA were generated by a homology-modeling server. In the RpoB-rifampin complex model, it appeared that residue Arg548 was shifted away from the rifampin-binding pocket of RpoB and nonessential residues for RpoB binding to rifampin (Fig. 1) . However, in the RpoB-DNA complex model, it appeared that residue Arg548 was close to the rifampin-resistant cluster II region of RpoB (Fig. 1 ) (5). In the Arg548His mutant of the RpoB-DNA complex model, the imidazole ring of His548 seemed to provide two hydrogen bonds, one between His548 and Ile569 and one between His548 and Ala543 (Fig. 1B) , leading to increased rigidity of the rifampin-resistant cluster II region of RpoB (Fig. 1C) . We also found dramatic variations in the side-chain orientation of the rifampin-resistant cluster II region of RpoB in the rifampin-and DNA-binding models (Fig.  1C) . We speculated that the side chain of His548 could provide a more stable hydrogen bond-linking structure than that of Arg548, thus reducing the flexibility of the rifampin-resistant cluster II region of RpoB. Thus, the rifampin-resistant cluster II region of the Arg548His RpoB mutant was unable to interact effectively with rifampin, resulting in bacterial rifampin resistance.
DISCUSSION
Although mycobacterial resistance to rifampin is mediated primarily by mutations within the RRDR, many studies have reported novel mutations outside this region, such as those at codons 176 (Val176Phe) (10), 381 (Ala381Val) (11), 490 (Gln490His) (12) , 500 (Ala500Val), 502 (Ile502Val), 505 (Phe505Ser), 538 (Leu538Pro) (13), 146 (Val146Phe), and 572 (Ile572Phe) (14) . These mutations were discovered using DNA sequencing of clinical rifampinresistant M. tuberculosis isolates; however, most of these findings lacked in vivo confirmation of the relationship between the mutated codon and drug resistance. An exception to this is the work by Siu et al. (14) , who constructed recombinant M. smegmatis and M. tuberculosis strains to show that mutations in codons 146 (Val146Phe) and 572 (Val572Phe) lead to rifampin resistance (14) . The topography and population composition in eastern Taiwan are different from those in western, northern, and southern Taiwan. Therefore, we screened the rpoB gene in 51 clinical rifampin-resistant M. tuberculosis isolates in eastern Taiwan and identified one isolate, MTBR548H, with a mutation in codon 548, which is located outside the RRDR and had not been reported, as a cause of bacterial rifampin resistance. To validate the association of this mutated genotype with the rifampin-resistant phenotype in MTBR548H, the mutated rpoB of MTBR548H was cloned in a multicopy-number plasmid and transformed into wild-type M. tuberculosis and M. smegmatis to produce resistant mutant strains, YY002 and CH005, respectively. The rifampin susceptibilities of the recombinant strains indicated that the Arg548His mutation in RpoB contributed to rifampin resistance in M. tuberculosis. This finding was supported by data obtained from RpoB-DNA structural modeling, which showed that the RpoB residue His548 reduced the interaction between RpoB and rifampin in the RpoB-DNA complex. Our findings might help improve the detection of mycobacterial rifampin resistance, and we suggest that position 548 be included when the RRDR is analyzed by DNA sequencing due its close proximity to the RRDR. This can be readily performed without increasing the turnaround time or reaction cost of single-sequencing reactions.
Here, the most common mutations involved in rifampin resistance were missense mutations in codon 531 of rpoB (Table 3) . These results were comparable to those of previous studies (6) , but the frequency of this mutation (74.5%) was much higher than that in earlier reports from other regions of Taiwan, including southern Taiwan (41.5% during 1996 to 1998), Taiwan overall (49.4% during 1998 to 2003), and central and northern Taiwan (68.2% during 1999 to 2011) (6, 15, 16) . This difference in frequency might be due to the increasing prevalence of rifampin-resistant M. tuberculosis clones spreading through eastern Taiwan in recent years (2011 to 2012).
In a recent study in Canada, only 2.9% of the clinical rifampinresistant isolates (1/35) had double point mutations in rpoB (28) . However, we found high rates of clinical rifampin-resistant isolates having two or three point mutations in rpoB (23.5% and 3.9%, respectively; Table 4 ). In our study, most of the double or triple point mutations in rpoB were still located in the RRDR (Table 3). The relationship between the multiple mutations in rpoB and MICs is not clear and needs further study.
The population of aboriginal people in eastern Taiwan is greater than that in other regions in Taiwan. In a recent study, 5.43% of the drug-resistant TB cases were rifampin monoresistant in aboriginal people in eastern Taiwan, while 2.27% were rifampin (30, 31) . The novel rpoB (R548H) mutant found in our study might occur due to this special population and geographical environment. Such a mutant strain may spread to other regions in the future if the efforts to control tuberculosis are not effective.
The mutation at codon 531 was associated with high-level resistance to rifampin in most clinical and recombinant strains (Tables 3, 5, and 6) (15, 20) . Extrapolation from the crystal structure of the rifampin-RNAP (RNA polymerase) complex showed that Ser531 in the RpoB rifampin-binding pocket formed a direct hydrogen bond with the critical hydroxyl of rifampin, O-2. Thus, the mutation in codon 531 reduced the interaction between rifampin and RpoB, resulting in bacterial rifampin resistance (5). Siu et al. (14) reported that the mutations in residues Val146 and Ile572, which are outside the RRDR, resulted in M. tuberculosis resistance to rifampin. In a model of rifapentine-RRDR (rather than rifampin-RRDR), residue 572 was localized to the wall of the rifampinbinding pocket of RpoB, while residue 146 was located beneath the rifampin-binding pocket and did not directly interact with the drug. The mutation in residue 572 (Ile572Phe) likely reduced the affinity between that residue and rifampin, while the mutation in residue 146 (Val146Phe) likely affected the folding and packing of the rifampin-binding pocket (14) . In our study, RpoB residue Arg548, which is outside the RRDR, was not located in the rifampin-binding pocket in the RpoB-rifampin model. Therefore, residue Arg548 does not directly interact with rifampin. However, a point mutation (CGC to CAC) in codon 548, which changes the residue from Arg to His, led to reduced flexibility in the RpoB structure ( Fig. 1B and C) . These results indicate that rifampin did not block the transcriptional activity of RNAP containing a mutated form of RpoB when the RNAP was bound to DNA. Together, our results provide a potential mechanism for the differences in rifampin resistance between the RpoB-DNA and RpoB-rifampin models.
